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c/5 Abstract: In this colloquium-level account, I describe the cosmological constant prob- 

i lem: why is the energy of empty space at least 60 orders of magnitude smaller than 

P^ several known contributions to it from the Standard Model of particle physics? I ex- 

K* plain why the "dark energy" responsible for the accelerated expansion of the universe 

Q is almost certainly vacuum energy. The second half of the paper explores a more spec- 

^ ulative subject. The vacuum landscape of string theory leads to a multiverse in which 

• many different three-dimensional vacua coexist, albeit in widely separated regions. This 

O can explain both the smallness of the observed vacuum energy and the coincidence that 

^ its magnitude is comparable to the present matter density. 
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1 The Cosmological Constant Problem 

1.1 A Classical Ambiguity 

In the fleld equation for General Relativity, 



1 
2' 



RfMiy - t^RQimu + Afif^^ = SttGT^^ , (1.1) 



there is an ambiguity: the cosmological constant, A, is not flxed by the structure of 
the theory.^ There is no formal reason to set it to zero, and in fact, Einstein famously 
tuned it to yield an (unstable) static cosmological solution — his "greatest blunder" . 



^This paper aims at a level that would be accessible to a graduate student. It is based on colloquia 
given at Caltech, MIT, and the University of Michigan, Ann Arbor, and on a lecture presented at 
Subnuclear Physics: Past, Present and Future, Pontificial Academy of Sciences, Vatican (October 
2011, to appear in the proceedings). In parts, I closely follow Refs. [1, 2]. 
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After Bubble's discovery that the universe is expanding, the cosniological term was 
widely abandoned. But setting A = was never particularly satisfying, even from a 
classical perspective. The situation is similar to a famous shortcoming of Newtonian 
gravity: nothing prevents us from equating the gravitational charge with inertial mass, 
but nothing forces us to do so, either. 

A nonzero value of A introduces a length scale and time scale 

TA = ctA = v^S/P^ (1.2) 

into General Relativity. An independent length scale arises from the constants of 
Nature: the Planck length^ 



Gh 



lp = . r^ 1.616 X lO^^'^cm . (1.3) 



It has long been known empirically that A is very small in Planck units (i.e., that ta is 
large in these natural units). This can be deduced just from the fact that the universe 
is large compared to the Planck length, and old compared to the Planck time. 

First, consider the case of positive A. If no matter is present (T^j, = 0), then 
the only isotropic solution to Einstein's equation is de Sitter space, which exhibits a 
cosmological horizon of radius r\ [3] . A cosmological horizon is the largest observable 
distance scale, and the presence of matter will only decrease the horizon radius [4, 5]. 
But we observe scales that are large in Planck units (r ^ 1). Since r\ must be even 
larger, Eq. (1.2) implies that the cosmological constant is small. 

Negative A causes the universe to recoUapse independently of spatial curvature, on 
a timescale ^a [6]. Thus, the large age of the universe (in Planck units) implies that 
(—A) is small. Summarizing the above arguments, one finds 

- 3t-2 < A < 3r-2 , (1.4) 

where t and r are any time scale and any distance scale that have been observed. We 
can see out to distances of billions of light years, so r > 10^°; and stars are billions of 
years old, so t > 10^*^. With these data, known for many decades, Eq. (1.4) implies 
roughly that 

|A| < 3 X 10-12° . (1.5) 

Thus, in Planck units, A is very small indeed. 

This result makes it tempting to set A = in the Einstein equation; and at the 
level of the classical gravity theory, we are free to do so. Bowever, in Eq. (1.1), the A- 
term is not the only term proportional to the metric. Another, much more problematic 
contribution enters through the stress tensor on the right hand side. 



^Here G denotes Newton's constant and c is the speed of light. In this paper Planck units are used 
unless other units are given explicitly. For example, tp = Ip/c « .539x lO^'^'^s and Alp = 2.177x lO^^g. 
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1.2 Quantum Contributions to A 

In quantum field theory, the vacuum is highly nontrivial.^ In the Standard Model, 
the vacuum is responsible for physical phenomena such as confinement and the Higgs 
mechanism. Like any physical object, the vacuum will have an energy density. Lorentz 
invariance requires that the corresponding energy-momentum-stress tensor be propor- 
tional to the metric. 

This is confirmed by direct calculation. (See any introductory textbook on quantum 
field theory, such as Ref. [9].) The form of the stress tensor ensures that the vacuum 
looks the same to all observers independently of orientation or velocity. This property 
(and not, for example, vanishing energy density) is what distinguishes the vacuum from 
other objects such as a table. 

Though it appears on the right hand side of Einstein's equation, vacuum energy 
has the form of a cosmological constant, and one might as well absorb it and redefine 
A via 

^ = ^Einstein + ^T^PveiCuum ■ {^■^J 

Equivalently, one may absorb the "bare" cosmological constant appearing in Einstein's 
equation, AEinstein, into the energy density of the vacuum, defining 

-'^-Einstein /-. q\ 

Pa = Pvacuum H 7^ • [^■°) 

OTT 

Eqs. (1.2), (1.4), and (1.5) apply to the total cosmological constant, and can be 
restated as an empirical bound on the total energy density of the vacuum: 

IpaI < 10-^'^ . (1.9) 

But in the Standard Model, the energy of the vacuum receives many contributions 
much larger than this bound. Their value depends on the energy scale up to which we 
trust the theory. It is enormous even with a conservative cutoff. 

This would be true already in free field theory. Like a harmonic oscillator in 
the ground state, every mode of every free field contributes a zero-point energy to 
the energy density of the vacuum. In a path integral description, this energy arises 
from virtual particle-antiparticle pairs, or "loops" (Fig. la). For example, consider the 
electron, which is well understood at least up to energies of order M = 100 GeV [8]. 

■^Further details can be found in Weinberg's classic review [7]. Among more recent reviews, I 
recommend Polchinski's concise discussion of the cosmological constant problem [8], which I follow in 
parts of this subsection. 
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Figure 1. Perturbative and nonperturbative contributions to vacuum energy, (a) Virtual 
particle-antiparticle pairs, the zero-point fluctuations of the quantum fields (b) Effective scalar 
field potentials, such as the potential for the Higgs field shown here schematically. Before 
electroweak symmetry breaking in the early universe the vacuum energy was about 56 orders 
of magnitude greater than todays value (dashed line). 

Dimensional analysis implies that electron loops up to this cutoff contribute of order 
(100 GeV)^ to the vacuum energy, or 10^^^ in Planck units. 

Similar contributions are expected from other fields and from interactions. The 
real cutoff is probably of order the supersymmetry breaking scale, giving at least (1 
TeV)^ ~ 10"^'^. It may be as high as the Planck scale, which would yield |pa| of order 
unity.^ Thus, quantum field theory predicts multiple perturbative contributions to \pa\- 
Each contribution is some 60 to 120 orders of magnitude larger than the experimental 
bound, Eq. (1.5). 

Additional contributions come from the effective potentials of scalar fields, such as 
the potential giving rise to symmetry breaking in the electroweak theory (Fig. lb). The 
vacuum energy of the symmetric and the broken phase differ by approximately (200 
GeV)^ ~ 10~^^. Other symmetry breaking mechanisms at higher or lower energy, such 
as chiral symmetry breaking of QCD with (300 MeV)^ ~ 10~^^, will also contribute. 
There is no reason why the total vacuum energy should be small in the symmetric 
phase, and even less so in the broken phase that the universe is in now. 

I have exhibited various known contributions to the vacuum energy. They are 
uncorrelated with one another and with the (unknown) bare cosmological constant 
appearing in Einstein's equation, AEmstein- Each contribution is dozens of orders of 
magnitude larger than the empirical bound today, Eq. (1.5). In particular, the radiative 
correction terms from quantum fields are expected to be at least of order 10~^^. They 
come with different signs, but it would seem overwhelmingly unlikely for such large 
terms to cancel to better than a part in 10^^°, in the present era. 

^Recall that Planck units are used throughout. p\ — 1 would correspond to a density of 10^'* 
g/cm^. 
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This is the cosmological constant problem: Why is the vacuum energy today so 
small? It represents a serious crisis in physics: a discrepancy between theory and 
experiment, of 60 to 120 orders of magnitude. What makes this problem hard is that 
it arises from two otherwise extremely successful theories — the Standard Model and 
General Relativity — in a regime where both theories have been reliably and precisely 
tested and hence cannot be dramatically modified. 

2 The Cosmological Constant 

In exhibiting the cosmological constant problem, I made use only of a rather crude, and 
old, upper bound on the magnitude of the cosmological constant. The precise value of 
A is irrelevant as far as the cosmological constant problem is concerned: we have known 
for several decades that A is certainly much smaller than typical contributions to the 
vacuum energy that can be estimated from the Standard Model of particle physics. In 
this section, I will discuss the observed value and its implications. 

2.1 Observed Value of A 

The actual value of A was first determined in 1998 from the apparent luminosity of 
distant supernovae [10, 11]. Their dimness indicates that the expansion of the universe 
has recently begun to accelerate, consistent with a positive cosmological constant 

Pa = (1.35 ±0.15) X lO-^^S (2.1) 

and inconsistent with pA = 0. The quoted value and error bars are recent (WMAP7 + 
BAO + Hq [12]) and thus significantly improved relative to the original discovery. 

Cross-checks have corroborated this conclusion. For example, the above value 
of Pa also explains the observed spatial flatness of the universe [12], which cannot 
be accounted for by baryonic and dark matter alone. And surveys of the history 
of structure formation in the universe [13] reveal a recent disruption of hierarchical 
clustering consistent with accelerated expansion driven by the cosmological constant of 
Eq. (2.1). 

2.2 Why Dark Energy is Vacuum Energy 

The observed vacuum energy, Eq. (2.1), is sometimes referred to as "dark energy". This 
choice of words is meant to be inclusive of other possible interpretations of the data, 
in which A = 0. Dark energy might be a form of scalar matter (quintessence) which 
mimics a fixed cosmological constant closely enough to be compatible with observa- 
tion, but retains some time-dependence that could in principle be discovered if it lurks 
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just beyond current limits. Another frequently considered possibility is that General 
Relativity is modified at distances comparable to the size of the visible universe, so as 
to mimic a positive cosmological constant even though A = 0. In both cases, model 
parameters can be adjusted to lead to predictions for future experiments that differ 
from those of a fixed cosmological constant. 

Consideration of these theoretical possibilities, however, is at best premature. It 
confiicts with a basic tenet of science: adopt the simplest interpretation of the data, 
and complicate your model only if forced to by further observation. 

Scenarios like quintessence or modified gravity are uncalled for by data and solve 
no theoretical problem.^ In particular, they do not address the cosmological constant 
problem. But such models contain adjustable parameters in addition to A. Therefore, 
they are less predictive than the standard ACDM model. Worse, in phenomenologically 
viable models, these additional parameters must be chosen small and fine-tuned in order 
to evade existing constraints.^ Again, such tunings are strictly in addition to the tuning 
of the the cosmological constant, which must be set to an unnaturally small or zero 
value in any case. 

Therefore, dynamical dark energy should not be considered on the same footing 
with a pure cosmological constant. The discovery of any deviation from a cosmological 
constant in future experiments is highly unlikely, as is the discovery of a modification 
to General Relativity on large scales. 

A frequent misconception that appears to underlie the consideration of "alterna- 
tives" to A is the notion that vacuum energy is somehow optional. The idea is that the 
cosmological constant problem only arises if we "assume" that vacuum energy exists in 
the first place. (This fiawed argument is found in surprisingly prominent places [17].) 
It would be wonderful indeed if we could solve the cosmological constant problem with 
a single stroke, by declaring that vacuum energy just does not exist and setting A to 
zero. 

But in fact, we know that vacuum energy exists in Nature. We can manipulate the 
amount of vacuum energy in bounded regions, in Casimir-type experiments. And if A 
had turned out to be unobservably small today, we would still know that it was large 



^Some models have been claimed to address the comcidence problem described in Sec. 2.3 below. 
Aside from unsolved technical problems [14], what would be the point of addressing the (relatively 
vague) coincidence problem with a model that ignores the logically prior and far more severe cosmo- 
logical constant problem (Sec. 1.2)? 

^For example, quintessence models require exceedingly flat scalar field potentials which must be 
fine-tuned against radiative corrections, and their interaction with other matter must be tuned small 
in order to be compatible with observational limits on a long-range fifth force [14, 15]. More natural 
models [16] have become difficult to reconcile with observational constraints. 
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and positive in the early universe before electroweak symmetry breaking, according to 
the Standard Model of particle physics/ More generally, the notion that the vacuum 
has energy is inseparable from the experimental success of the Standard Model as a 
local quantum field theory [8]. 

Contributions to A from Standard Model fields are large, so the most straightfor- 
ward theoretical estimate of its magnitude fails. But just because A should be much 
larger than the observed value does not imply that it must be zero. In fact, no known 
extension or modification of the Standard Model predicts that A = without violently 
conflicting with other observations (such as the facts that the universe is not empty, 
and that supersymmetry, if it exists, is broken). 

Thus, the cosmological constant problem is present either way, whether we imag- 
ine that A is small (which is consistent with data) or that A = (which is not, unless 
further considerable complications are introduced). Dark energy is experimentally in- 
distinguishable from vacuum energy, and definitely distinct from any other previously 
observed form of matter. The only reasonable conclusion is that dark energy is vacuum 
energy, and that its density is given by Eq. (2.1). 

2.3 The Coincidence Problem 

The observed value of A does raise an interesting question, usually referred to as the 
coincidence problem or "why now" problem. Vacuum energy, or anything behaving 
like it (which includes all options still allowed by current data) does not redshift like 
matter. In the past, vacuum energy was negligible, and in the far future, matter will be 
very dilute and vacuum energy will dominate completely. The two can be comparable 
only in a particular epoch. It is intriguing that this is the same epoch in which we are 
making the observation. 

Note that this apparent coincidence involves us, the observers, in its very defi- 
nition. This constrains possible explanations (other than those involving an actual 
coincidence). In the following section, I will outline a framework which can solve both 
the coincidence problem and the (far more severe) cosmological constant problem of 
Sec. 1.2. 



'''The theory of electroweak symmetry breaking is supported by overwhelming experimental evidence 
(chiefly, the W and Z bosons, and soon perhaps the Higgs). It allows us to compute that A ^ (200 
GeV)^ at sufficiently high temperatures, when electroweak symmetry is unbroken [8]. Aside from the 
early universe, small regions with unbroken symmetry could be created in the laboratory, at least in 
principle. 
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3 The Landscape of String Theory and the Multiverse 

The string landscape is the only theoretical framework I am aware of that can explain 
why A is small without conflicting with other data.^ (It is worth stressing, however, 
that the ideas I am about to discuss are still speculative, unlike those of the previous 
two sections.) The way in which string theory addresses the cosmo logical constant 
problem can be summarized as follows: 

• Fundamentally, space is nine- dimensional. There are many distinct ways (per- 
haps 10^°°) of turning nine-dimensional space into three-dimensional space by 
compactifying six dimensions.^ 

• Distinct compactifications correspond to different three-dimensional metastable 
vacua with different amounts of vacuum energy. In a small fraction of vacua, the 
cosmological constant will be accidentally small. 

• All vacua are dynamically produced as large, widely separated regions in space- 
time 

• Regions with A ~ 1 contain at most a few bits of information and thus no 
complex structures of any kind. Therefore, observers find themselves in regions 
with A < 1. 

3.1 The Landscape of String Theory 

String theory is naturally formulated in nine or ten spatial dimensions [19, 20]. This 
does not contradict observation but implies that all but three of these dimensions 
are (effectively) compact and small, so that they would not have been observed in 
high-energy experiments. I will discuss the case of six compact extra dimensions for 
definiteness. 

Simple examples of six- dimensional compact manifolds include the six-sphere and 
the six-dimensional torus. A much larger class of manifolds are the Calabi-Yau spaces, 
which have a number of useful properties and have been extensively studied. They are 
topologically complex, with hundreds of distinct cycles of various dimensions. Cycles 
are higher-dimensional analogues of the handles of a torus. A rubber band that wraps 
a handle cannot be removed, or wrapped around a different handle, without ripping it 
apart. A more pertinent example are electrical field lines, which can wrap a one-cycle 
(such as one of the cycles on a two-dimensional torus). 



^For alternative classes of approaches to the cosmological constant problem, and the obstructions 
they face, see Refs. [2, 8]. 

^Amazingly, this idea was anticipated by Sakharov [18] before string theory became widely known. 



String theory contains a certain set of nonperturbative objects known as Z^-branes, 
which act as sources oi D + 2 flux. For example, a zero-brane is a pointlike object 
and sources a Maxwell field, much like an electron would. Higher-dimensional objects 
such as membranes act as sources of higher-dimensional analogues of the Maxwell field. 
Unlike in the Standard Model, however, the values of D for which D-branes exist, their 
energy density, and their charge are all determined by consistency requirements. They 
are set by the string scale and are not adjustible parameters. 

D-branes and their associated fluxes can wrap topological cycles the same way that 
rubber bands and electric field lines can wrap the handles of a torus. In string theory, 
the shape and size of the compact extra dimensions is determined by (among other 
things) the fluxes that wrap around the various topological cycles. The geometry of 
spacetime is dynamical and governed by equations that limit to Einstein's equations 
in the appropriate limit. The presence of matter will deform the compact manifold 
correspondingly; in particular, one expects that each cycle can at most support a few 
units of flux before gravitational backreaction causes it to pinch off (changing the 
topology of the compact manifold) or grow to infinite size ("decompactify"). 

Based on these arguments, we may suppose that there are on the order of 500 
cycles, and that each can support between and 9 units of flux. Then there are 10^°° 
different, distinct choices for the matter content, shape, and size of the extra dimensions. 
This argument is a vast oversimplification, but it helps clarify how numbers like 10^°° 
arise: by exponentiation of the number of topological cycles in a typical six-dimensional 
compact manifold.^*' 

A useful way of picturing the set of three-dimensional vacua of string theory is as 
a potential function in a 500-dimensional discrete parameter space. (Of course, as far 
as actual pictures go, two parameters will have to suffice, as in a real landscape.) Each 
metastable configuration of fiuxes corresponds to a local minimum in the landscape. In 
any one- dimensional cross-section of the parameter space, there will only be a handful 
of minima, but overall the number of minima can be of order 10^°°. 



^°For a more detailed nontechnical version of this argument, see Ref. [21]. Despite early results that 
the number of compactifications could be large [22] , the significance of this possibility was obscured 
by the unsolved problem of moduli stabilization and supersymmetry breaking [23]; see, however, 
Ref. [24]. The argument that string theory contains sufficiently many metastable vacua to solve the 
cosmological constant problem, and that vacua with A ^ 10"^^'^ are cosmologically produced and 
reheated was presented in Ref. [25] . An explicit construction of a large class of nonsupersymmetric 
flux vacua was first proposed in Ref. [26]. (Constructions in noncritical string theory were proposed 
earlier [27, 28].) More advanced counting methods [29] bear out the quantitative estimates of Ref. [25] 
for the number of flux vacua. See Ref. [231 for a review of flux vacua and further references. 
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Figure 2. The spectrum of the cosmological constant (vacuum energy, dark energy) in the 
string landscape (schematic). Each blue line represents one three-dimensional vacuum. With 
j^gsoo vacua, the spectrum will be very dense, and many vacua will have values of A compatible 
with observation (red/shaded region). 

3.2 The Spectrum of A 

Each vacuum has distinct matter and field content at low energies, determined by the 
matter content of the extra dimensions. (Pictorially, the field spectrum corresponds 
to the details of each valley's shape near the minimum.) In particular, the energy 
of each vacuum is essentially a random variable that receives positive and negative 
contributions from all particle species. If we select one vacuum completely at random, 
the arguments of Sec. 1.2 tell us that its cosmological constant will probably be large, 
presumably of order unity in Planck units (Fig. 2) — as if we had thrown a dart at the 
interval (—1, 1), with an accuracy not much better than ±1. 

But this is true for every vacuum, so the overall spectrum of A will be quite dense, 
with an average spacing of order 10"^"°. This means that there will be a small fraction 
(10~^^^) but a large number (10^^^, in this example) of vacua with cosmological constant 
|A| < 10^^^^. Given enough darts, even a poor player will eventually hit the buUseye. 

This is progress: at least, the theory contains vacua whose cosmological constant is 
compatible with observation. But why is the universe in such a special, rare vacuum? 
Did the universe start out in this particular valley of the landscape at the big bang, 
and if so, why? In fact, there is no need to assume that initial conditions selected 
for a vacuum with small cosmological constant. As we shall now see, such vacua are 
dynamically produced during cosmological evolution. 
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3.3 de Sitter Expansion and Vacuum Decay 

Suppose that the universe began in some vacuum with A > 0. Since about half of all 
vacua have positive energy, this is not a strong restriction. We will not assume that 
the initial vacuum energy is particularly small; it may be of order one in Planck units. 
The universe evolves as de Sitter space, with metric 

ds^ = -de + e^^\dr^ + r^d^l) , (3.1) 

where the Hubble constant H is given by (A/3)^/^, and dVt^ denotes the metric on 
the unit two-sphere. This is an exponentially expanding homogeneous and isotropic 
cosmology. In the following, it is not important that the universe looks globally like 
Eq. (3.1). It suffices to have a finite initial region larger than one horizon volume, of 
proper radius e^^^r > H^^ . 

Classically, this evolution would continue eternally, and no other vacua would ever 
come into existence anywhere in the universe. This is because the vacuum itself is set 
by topological configurations of fiuxes in the extra dimensions, which cannot change by 
classical evolution. Quantum mechanically, however, it is possible for fiuxes to change 
by discrete amounts. This happens by a process completely analogous to the Schwinger 
process. 

The Schwinger process is the spontaneous pair production of electrons and positrons 
in a strong electric field between two capacitor plates. It can be treated as a tunneling 
process in the semi-classical approximation. The two particles appear at a distance at 
which the part of the field that their charges cancel out compensates for their total 
rest mass, so that energy is conserved. Then the particles move apart with constant 
acceleration, driven by the remaining electric field, until they hit the plates (or in the 
case where the field lines wrap a topological circle, until they hit each other). The final 
result is that the electric fiux has been lowered by a discrete amount, corresponding to 
removing one unit of electric charge from each capacitor plate. 

Similarly, the amount of fiux in the six extra dimensions can change as a result of 
Schwinger-like processes, whereby branes of appropriate dimension are spontaneously 
nucleated. (The Schwinger process itself is recovered in the case of zero-branes, i.e., 
charged point particles.) Again, this is a nonperturbative tunneling effect. Its rate 
is suppressed by the exponential of the brane action and is generically exponentially 
small. 

Let us now give a description of this process from the 3+1 dimensional viewpoint. 
The effect of the six extra dimensions is to provide an effective potential landscape. 
Each minimum corresponds to a metastable vacuum with three large spatial dimen- 
sions. (Recall that the hundreds of dimensions of the landscape itself correspond to the 
topological cycles of the extra dimensions, not to actual spatial directions.) 
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The decay of a unit of flux, in this picture, corresponds to a transition from a higher 
to a lower-energy minimum in the potential landscape of string theory. ^^ This transi- 
tion does not happen simultaneously everywhere in three-dimensional space, because 
that process would have infinite action. Rather, a bubble of the new vacuum appears 
spontaneously, as in a first-order phase transition. Like in the Schwinger process, the 
initial size of the bubble is controlled by energy conservation. The bubble wall is a 
domain wall that interpolates between two vacua in the effective potential. The gra- 
dient and potential energy in the domain wall are compensated by the vacuum energy 
difference in the enclosed volume. 

The bubble expands at constant acceleration. As it moves outward, it converts 
the old, higher energy parent vacuum into a new, lower-energy vacuum. The vacuum 
energy difference pays not only for the ever-expanding domain wall but can also lead 
to the production of matter and radiation inside the new vacuum. 

The symmetries of a first-order phase transition in a relativistic theory dictate that 
the region inside the bubble is an open (i.e., negatively curved) Friedmann- Robertson- 
Walker universe. In particular, time slices of constant density are infinitely large, even 
though the bubble starts out at finite size. (This is possible because the choice of time 
variable in which we see the bubble expand is different from, and indeed inconsistent 
with, a choice in which constant time corresponds to hypersurfaces of constant density 
within the bubble.) For this reason, the interior of the bubble is sometimes referred 
to as a "universe", "pocket universe", or "bubble universe", even though it does not 
constitute all of the global spacetime. 

3.4 Eternal Inflation 

We now turn to a crucial aspect of the decay of a metastable vacuum with positive 
energy: despite the decay and the expansion of the daughter bubble, the parent vacuum 
persists indefinitely. This effect is known as eternal inflation [33, 34]. 

The volume occupied by the parent vacuum expands exponentially at a rate set by 
its own Hubble scale 3H = 3(3/A)^/^. Some volume is lost to decay, at a rate F per 
unit Hubble volume. As long as F ^ 3H (which is generic due to the exponentially 
suppressed nature of vacuum decay), the exponential expansion wins out, and the 
parent vacuum region grows on average. 

The fact that the new vacuum expands after it first appears does not affect this 
result, since different regions in de Sitter space are shielded from one another by cos- 
mological event horizons. A straightforward analysis of light propagation in the metric 

^^The following description of vacuum decay is a straightforward application of seminal results of 
Coleman for a one-dimensional potential with two vacua [30, 31]. More complicated decay channels 
can arise in multidimensional potentials [32]; they do not affect the conclusions presented here. 
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of Eq. (3.1) shows that any observer (represented by a timehke geodesic) is surrounded 
by a horizon of radius H~l. The observer cannot receive any signals from any point p 
beyond this horizon, by causahty, no matter how long they wait. A bubble of a new 
vacuum that forms at p cannot expand faster than the speed of light (though it does 
expand practically at that speed). Therefore it can never reach an observer who is 
initially more than a distance H~^ from p at the time of bubble nucleation. 

Because the parent vacuum continues to grow in volume, it will decay not once 
but infinitely many times. Infinitely many bubble universes will be spawned; yet, the 
overall volume of parent vacuum will continue to increase at a rate set by SH — T ?» 3H. 
If the parent vacuum has multiple decay channels, then each decay type will be realized 
infinitely many times. For example, in the string landscape we expect that a de Sitter 
vacuum can decay to any one of its hundreds of immediate neighbor vacua in the high- 
dimensional potential landscape. All of these vacua will actually be produced as bubble 
universes, in exponentially distant regions, over and over. 

3.5 The Multiverse 

Let us now turn our attention to one of the daughter universes. It is useful to distinguish 
three cases, according to the sign of its cosmological constant. First, suppose that its 
vacuum energy is positive and that the vacuum is sufficiently long-lived (greater than 
about ^a). In this case, the daughter universe will enter a phase of exponential de Sitter 
expansion, beginning at a time of order ^a after its nucleation. It will give rise to eternal 
inflation in its own right, decaying in infinitely many places and producing daughter 
universes, while persisting globally. 

Thus, the entire landscape of string theory can in principle be populated. All 
vacua are produced dynamically, in widely separated regions of spacetime, and each 
is produced infinitely many times. This can be illustrated in a conformal diagram 
(or "Penrose diagram"), which rescales the spacetime metric to render it finite but 
preserves causal relations (Fig. 3). By convention, light-rays propagate at 45 degrees. 
Bubbles look like future light-cones because they expand nearly at the speed of light. 
Bubble universes that form at late times are shown small due to the rescaling, even 
though their physical properties are independent of the time of their production. As a 
result of eternal infiation, the future boundary of the diagram has a fractal structure. 

Vacua with nonpositive cosmological constant are "terminal". They do not give 
rise to eternal infiation. If A < 0, then the bubble universe begins to contract and 
collapses in a big crunch on a timescale of order ^a [31]. The spacelike singularity does 
not reach outside the bubble universe with A < 0; it does not affect global eternal 
infiation. 
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time 




Figure 3. Conformal diagram of an eternally expanding multiverse (schematic). Light 
travels at 45 degrees. Different colors/shades represent different vacua in the string landscape. 
Bubble universes have a triangular shape in this diagram. They are bounded by domain 
walls whose expansion is so rapid that they look like future light-cones. Event horizons shield 
different regions from one another: a hypothetical observer who survives multiple vacuum 
decays (black vertical line) would still only be able to probe a finite region in the infinite 
multiverse (black diamond). 

One expects that the case A = arises only in vacua with unbroken supersymmetry. 
They are completely stable and do not end in a crunch. In the conformal diagram, they 
correspond to the "hat regions" near the future boundary (not shown in Fig. 3). 

3.6 Why Observers are Located in Regions With |A| ^ 1 

I have argued that the string landscape contains vacua with very small cosmological 
constant, such as ours. Moreover, such vacua will be dynamically produced by inflation, 
starting from generic initial conditions. But the bubble universes with |A <^ 1, such 
as ours, are surely very atypical regions in the large multiverse. Typical regions (by 
almost any conceivable definition of "typical") would have cosmological constant of 
order one in Planck units, since almost all vacua have this property. Why, then, do we 
find ourselves in one of the rare locations with A <^ 1? 

Before addressing this question, it is worth noting that the same question could 
not be asked in a theory that failed to contain vacua with A ^ 1, or that failed to 
produce such vacua as spacetime regions. But in a theory that dynamically produces 
highly variable environments in different locations, it is important to understand cor- 
relations between environmental properties and the location of observers. What is 
typically observed depends on where one is observing, so these correlations will affect 
the predictions of the theory. 
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In Sec. 1, I discussed that the cosmological constant sets a largest observable length 
or time scale, of order |A~^'^|. A more precise result can be stated in terms of the 
maximum area on the past light-cone of an arbitrary point (event) p in a universe with 
nonzero cosmological constant [35]. If A > 0, the past light-cone of any point p has 
maximum area of order A~^; if A < 0, it has maximum area of order |A|^^ (if the 
universe is spatially flat), or A~^ (if the universe is open). 

The maximum area on the past light-cone of p, in units of the Planck length 
squared, is an upper bound on the entropy in the causal past of p: 

S<A (3.2) 

This follows from the covariant entropy bound [36, 37]. It implies that regions with 
A ~ 1 do not contain more than a few bits of information in any causally connected 
region. Whatever observers are made of, they presumably require more than one or 
two particles. 

This means that observers can only be located in regions with |A| ^ 1. Because 
of cosmological horizons, they will not typically be able to see other regions. Though 
typical regions have A = 1, observations are made in regions with |A| ^ 1. 

3.7 Predicted Value of A 

The argument shows only that |A| ^ 1 is a prediction of the string landscape; it does 
not explain why we see the particular value A ~ 10^^^^. In order to make this, or any 
other quantitative prediction, we would need to begin by regulating the infinities of 
eternal inflation. This is known as the "measure problem" , and it has little to do with 
the string landscape. 

The measure problem arises in any theory that gives rise to eternal inflation. For 
this, one long-lived metastable de Sitter vacuum is enough. We appear to live in such 
a vacuum, so the measure problem needs attention independently of the number of 
other vacua in the theory. A discussion of this problem and of current approaches to 
its solution would go beyond the scope of the present paper. The reader is referred to 
Ref. [38] and references therein; here we quote only the main result of this paper (see 
also Ref. [39, 40]). 

Consider a class of observers that live at the time tobs after the nucleation of 
their bubble universe. Restricting attention to positive values of A, the causal patch 
measure [41] predicts that such observers will find a cosmological constant 

A ~ tobs • (3.3) 

Using the observed value for the age of the universe, tobs ~ 13.7 Gyr, this result is in 
excellent agreement with observed value for the cosmological constant (see Fig. 4). 
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Figure 4. The vertical bar indicates the observed amount of vacuum energy ("dark energy"). 
The solid line shows the prediction from the causal patch measure applied to the landscape of 
string theory, with the central la region indicated. This plot is from Ref. [39]. The agreement 
remains good independently of any assumptions about the nature of the observers. The only 
relevant input parameter is the time when the observers emerge, tobs ~ 13.7 Gyr. 

The successful prediction (or postdiction, in this case) of A obtains independently 
of the nature of the observers. For example, it applies to observers that do not require 
galaxies and even in vacua with very different low-energy physics. In addition to the 
cosmological constant problem, it also addresses the coincidence problem discussed in 
Sec. 2.3, since it predicts that observers should find themselves at the onset of vacuum 
domination, ^a ~ ^obs- Thus the prediction is more robust, and quantitatively more 
successful, than the seminal arguments of Weinberg [42] and other early arguments 
requiring specific assumptions about observers [43-46]. (The dashed line in Fig. 4 
shows the prediction from the assumption that observers require galaxies, with an 
earlier measure developed in Ref. [47]. 

There are currently no fully satisfactory measures for regions with nonpositive 
cosmological constant [48]. This remains a major outstanding challenge. More broadly. 
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it will be important to establish a solid theoretical basis for understanding both the 
landscape of string theory and the measure problem of eternal inflation. 

3.8 Connecting with Standard Cosmology 

How is the picture of a multiverse compatible with the one universe we see? The 
multiverse is quite irregular, with different vacua in different places. This appears to 
conflict with the observed homogeneity and isotropy of the visible universe. We have 
not detected any other pocket universes. As far as we can see, the vacuum seems to be 
the same, with the same particles, forces, and coupling constants. Another concern is 
the claimed metastability of vacua. If vacua can decay, how come our own vacuum is 
still around after billions of years? 

In fact, all of these observations are generic predictions of the model, and all arise 
from the fact that vacuum decay is an exponentially suppressed tunneling effect. This 
has three important consequences: 

• Individual pocket universes, including ours, can have very long lifetimes easily 
exceeding 10 Gyr [25]. 

• When a bubble of new vacuum does form, it will be highly symmetric [30] . The 
symmetry of the decay process translates into the prediction that each pocket 
universe is a negatively curved, spatially homogeneous and isotropic universe [31]. 
(The spatial curvature radius can be made unobservably large, as usual, by a 
period of slow-roll inflation at early times in our own pocket universe.) 

• Our parent vacuum need not produce many bubbles that collide with ours. For 
such collisions to be visible, they would have to occur in our past light-cone, and 
the expected number of collisions can be <C 1 for natural parameters. 

Thus, the fact that we observe only one vacuum is not in contradiction with the string 
landscape. 

However, this does not mean that other vacua will never be observed. We would 
have to be somewhat lucky to observe a smoking gun signal of bubble collisions in the 
sky [49-52]; for a review, see Ref. [53]. But it is a possibility, so the computation of its 
signature in the CMB for future searches such as PLANCK is of great interest [54-57] . 

Slow-roll inflation tends to wipe out signals from any era preceding it by stretching 
them to superhorizon scales. If slow-roll inflation occurred after the formation of our 
bubble (as seems plausible), and if it lasted significantly longer than the 60 e-foldings 
necessary for explaining the observed flatness, then any imprints of bubble collisions or 
of our parent vacuum will have been stretched to superhorizon scales. 



-17- 



The decay of our own parent vacuum plays the role of what we used to call the big 
bang. The vacuum energy of the parent vacuum is converted in part to the energy of 
the expanding domain wall bubble that separates our pocket universe from the parent 
vacuum. But some of this energy can be dissipated later, inside our pocket universe. 
It can drive a period of slow-roll inflation followed by the production of radiation and 
matter. 

The decay of our parent vacuum will have taken place in an empty de Sitter envi- 
ronment, so all matter and radiation in our vacuum must come from the vacuum energy 
released in the decay. In order to connect with standard cosmology, the energy density 
of radiation produced must be at least sufficient for nucleosynthesis. This constrains 
the vacuum energy of our parent vacuum: 

Aparent > lO""' . (3.4) 

This constraint is very powerful. Historically, it has ruled out one-dimensional 
potential landscapes such as the Abbott [58] or Brown- Teitelboim [59, 60] models, 
which were explicitly invented for the purpose of solving the cosmological constant 
problem. In such models, neighboring vacua have nearly identical vacuum energy, 
AA < 10~^^^. Each decay lowers A by an amount less than the observed value, so a 
very dense spectrum of A is scanned over time. This eventually produces a universe 
with A as small as the observed value. But because Eq. (3.4) is not satisfied, the 
universe is predicted to be empty, in conflict with observation. One could invent one- 
dimensional landscapes in which the vacuum energy is random, but in natural models 
decay paths would end in terminal vacua with A < before reaching one of the rare 
vacua with A <^ 1. 

In the string landscape, neighboring vacua typically have vastly different vacuum 
energy, with A differing by as much as 0(1) in Planck units (Sec. 3.2). Thus, matter and 
radiation can be produced in the decay of our parent vacuum. Because the landscape 
is high-dimensional, there are many decay paths around terminal vacua. Thus, all 
de Sitter vacua in the landscape can be cosmologically produced by eternal inflation 
from generic initial conditions. 

It is interesting that string theory, which was not invented for the purpose of solving 
the cosmological constant problem, thus evades a longstanding obstruction. 
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